We studied the perception of bronchoconstriction in asthmatic subjects who were randomly treated with inhaled 12 agonist given either alone (n = 9) or associated with inhaled corticosteroids (n = 9). Methacholine and bradykinin challenges, bronchoalveolar lavage, and bronchial biopsies were performed in all subjects. After each dose of agonist, breathlessness was assessed using a visual analog scale (VAS) and the forced expiratory volume in 1 s (FEV1) was measured. The relationship between VAS scores and FEVY and the slope of the regression line of VAS scores on the corresponding FEV1 (VAS/FEV1 slope) were analyzed for each agonist.
Introduction
Patients with asthma vary greatly in their ability to perceive spontaneous bronchoconstriction (1, 2) and to quantify the breathlessness associated with acutely induced bronchoconstriction (2, 3) or with spontaneous variations of airway flow that occur during normal daily life (4) . Poor perception of the severity of bronchoconstriction in asthma may lead to a delay in starting appropriate treatment which is possibly one of the fac-tors contributing to death from asthma (5) . Furthermore, blunted perception of acutely induced bronchoconstriction (6) and of dyspnea induced by inspiratory resistive loads (7) was found in subjects with asthma who experienced a near fatal asthma episode.
Hyperinflation of the lung and its unfavorable consequences on respiratory muscle function are believed to contribute to breathlessness during acute bronchoconstriction in asthma (8, 9) . However, neither the exact mechanisms which cause breathlessness during bronchoconstriction in asthma nor the relationship between perception of breathlessness and histological changes in the airway mucosa is known. Individual perception of breathlessness associated with the bronchoconstriction induced by histamine, antigen exposure, or exercise is similar in early asthmatic responders (10) , whereas dual responders to inhaled antigens perceive bronchoconstriction more intensely during the early than during the late asthmatic response (11) . Although the lymphocyte and the eosinophil are the predominant infiltrating cells in airway mucosa of asthmatic subjects (12), the eosinophil is believed to be a primary cell responsible for the development of many of the features of asthma, including damage and desquamation of the respiratory epithelium (13) , airway hyperresponsiveness (14) , and allergen-induced late asthmatic reactions (15) . Furthermore, the degree of infiltration of the bronchial wall by eosinophils is related to the clinical severity of asthma ( 16). These results led us to hypothesize that perception of breathlessness associated with bronchoconstriction may be influenced by the type of bronchoconstrictor mediator and by the degree of eosinophilic infiltration that is present in airways during the late asthmatic response (15) . There are no data about the effects of corticosteroids on the perception of breathlessness associated with bronchoconstriction in asthmatic subjects.
We studied the characteristics of the perception of bronchoconstriction induced by two different types of mediators in asthmatic patients: methacholine, known to act directly on the airway smooth muscle, and bradykinin, a potent proinflammatory mediator (17) which has an additional action on airway sensory nerves (18) (19) (20) (21) and is endogenously produced in the lung of asthmatic patients (22) . We examined the relationship between breathlessness associated with agonist-induced bronchoconstriction and the pathological features of the airway mucosa of patients with asthma. We also examined the influence of inhaled corticosteroids on perception of bronchoconstriction induced by methacholine and by bradykinin.
Methods
Subjects 18 nonsmoking adults who met the American Thoracic Society's diagnostic criteria of asthma were studied (23) . The duration of their asthma 
Study design
After inclusion, subjects were randomly assigned to one of two parallel treatment groups. In one group, subjects were asked to maintain the bronchodilator treatment alone using exclusively inhaled /62 agonist as needed for 1-4 additional wk (n = 9). In the other group, subjects received inhaled flunisolide for 4 wk ( 1,000 uag twice a day through a d /3 agonist; T, theophylline; NR, not reactive. * Percentage of predicted at 750-ml spacer device) associated with inhaled /2 agonist as needed (n = 9). For patient 10 (Table I) , who was on treatment with inhaled flunisolide (500 jig twice a day) during the last 3 mo, the inclusion in the treatment group with flunisolide was not randomly assigned. During study days, treatments were not changed and patients did not receive other antiasthmatic drugs. Methacholine challenge, fiberoptic bronchoscopy, and bradykinin challenge were successively performed in all patients. Bronchoscopy was performed at most 2 d after methacholine challenge and at least S d before bradykinin challenge. Thus, methacholine and bradykinin challenges were performed 6-9 d apart in 16 subjects. In patients 11 and 13, bradykinin challenge had been postponed to 22 (28) . To avoid observer bias, slides were coded before analysis, which was performed without knowledge of the subject. Histological preparations were observed with a Leitz Aristoplan microscope (RueilMalmaison, France) using an objective lens magnification of 40. Each section was integrally examined. The length of airway epithelium and of basement membrane (BM), the thickness of BM, and the area of lamina propria and of total submucosa were assessed using a computerized image system (Morphostar 4.01 video analysis software; Imstar, Paris, France). The lamina propria was arbitrarily taken as a zone 50
,im beneath the reticular BM. Total submucosa was defined as the total area beneath the reticular BM, excluding cartilage. Intact epithelium was defined by the presence of both basal and columnar cells with no appearance of metaplasia. Shedding of the airway epithelium, thickness of BM, and lymphocyte infiltration were evaluated in sections stained with hematoxylin and eosin. Shedding of the airway epithelium was expressed as the percentage of the BM length in the section that was covered by intact epithelium (millimeters of intact epithelium/millimeters of BM length x 100). The thickness of the total BM (which included true and reticular BM) was measured at 200-jim regular intervals along the length of each section and was expressed as the mean of 10 measurements. Lymphocyte infiltration was expressed as number of cells per square millimeter of lamina propria.
Eosinophils were counted in the lamina propria, in the total submucosa, and in the intact epithelium in sections stained with Luna's reagent. The result of eosinophil count was expressed as number of cells per square millimeter of lamina propria or total submucosa and as number of cells per millimeter length of intact epithelium.
Assessment of breathlessness associated with bronchoconstriction
Visual analogue scale (VAS). Assessment of breathlessness was performed as described previously (4) . Before bronchial challenges, the subjects were told they would be asked to make repeated inhalations of drugs that could modify their respiratory comfort. The subjects rated the magnitude of breathlessness on a 100-mm horizontal VAS with the words "not at all breathless" and "worst imaginable breathless" on the left and right end, respectively. Instructions were given in a standard format to all subjects by the same observer. The perception of breathlessness referred to the sensation felt by the subject during an asthma attack in the past, irrespectively of any retro-sternal discomfort. The subjects were instructed to place a vertical mark on the line, such that its position, relative to the two extremes, indicated the magnitude of breathlessness at the moment of the assessment. Single visual analogue scales were presented on separate sheets of paper on each occasion. VAS scores were obtained before recording FEV1 at 2 and 3 min after each inhalation of methacholine and bradykinin, respectively, so that they were not aware of actual changes in FEVY. Breathlessness score was expressed in millimeters (from 0 to 100) and corresponded to the distance of the mark from the left end of the VAS. Changes in VAS score at any dose of agonist used were expressed as the difference (millimeters) between the given and post-saline breathlessness scores.
Relationship between changes in VAS score and bronchial obstruction in each group. In each treatment group, we studied the relationship between changes in VAS scores (millimeters) and in FEVY (percentage) induced by methacholine and by bradykinin, using results obtained with all doses of agonists. We performed a rank correlation with all data points for all subjects. However, to avoid any possible bias in the correlation analysis, we performed this correlation using an identical number of data points for each subject. Therefore, we also studied the relationship between changes in VAS score and in FEVY resulting from the two first doses of agonists which were reached in 15 of 18 and 17 of 18 subjects for methacholine and bradykinin, respectively.
Individual breathlessness sensitivity to agonist-induced bronchoconstriction: determination of VAS/FEV, slopes. We performed a linear regression analysis of changes in VAS scores on changes in FEVY (percentage) for each challenge by using the least squares method.
Individual slopes (VAS/FEVY slopes), intercepts, and correlation coefficients for both methacholine and bradykinin challenges were calculated. Therefore, the YAS/FE1 1 slope which is the YAS line length (millimeters) per percent change in FEY1 is an index of breathlessness (Table II) . Relationship between VAS score and bronchial obstruction in each group. Post-saline VAS scores before methacholine and bradykinin challenges in the group of patients without flunisolide (4.2±2.3 and 2.1±0.8 mm, respectively) and with fluniso- (Table III) . In subjects treated with inhaled flunisolide, both methacholine-and bradykinininduced increases in VAS score correlated with the decrease in FEV1 when all doses of agonists were analyzed (P < 0.0001 and P < 0.01, respectively). In contrast, in the group of subjects without inhaled flunisolide, a correlation between increase in VAS score and decrease in FEV1 was observed for methacholine (P < 0.01) but not for bradykinin (P = 0.35) (Table III and Fig. 1 ). Similar results were obtained when the relationship between changes in VAS score and in FEV1 was calculated using data obtained with the two first doses of agonists (Table III) . Individual breathlessness sensitivity to agonist-induced bronchoconstriction. The linear regression analysis of changes in VAS scores on changes in FEV1 induced by methacholine and bradykinin is shown in Table II . In patients 3 and 15, whose corresponding coefficient of correlation for bradykinin challenges was < 0.71, VAS/FEV1 slopes (0.07 and 0.44, respectively) were not included in the statistical analysis (see Methods). In patient 4, who reached a 33.2% fall in FEV1 after inhalation of the fifth dose of bradykinin, the VAS score was 0 mm at all doses of the agonist.
In patients without flunisolide, the VAS/FEV1 slopes were lower for bradykinin than those for methacholine (0.61±0. 21 and 0.76±0.18, respectively, P < 0.05). In contrast, with inhaled flunisolide, the VAS/FEV1 slopes were not different between bradykinin and methacholine challenges (1.20±0.26 and 1.21±0.26, respectively, P > 0.6). For methacholine challenges, VAS/FEVI slopes were not different between groups (P > 0.3). Conversely, VAS/FEV1 slopes for bradykinin-induced bronchoconstriction were lower in subjects without corticosteroids than in patients treated with inhaled flunisolide (P < 0.05).
In contrast with VAS/FEV1 slopes, intercepts were not different between bradykinin and methacholine challenges in the Decrease in FEV1 (°h) BAL and biopsyfindings and their relationship with perception of bronchial obstruction. Bronchoscopy was well tolerated in all subjects. BAL was not obtained from one subject because of insufficient recovery of the lavage fluid (patient 1, Table I ). Satisfactory biopsies were obtained in all subjects except in patient 3 in whom the eosinophil count was not performed. Comparisons of BAL and histological findings between groups are shown in Table IV . There was no difference between groups in BAL recovery or differential cell count (P > 0.10). Conversely, asthmatic subjects without inhaled flunisolide had an increased number of eosinophils and lymphocytes in the lamina propria compared with patients treated with inhaled flunisolide (P = 0.03 and P = 0.02, respectively). We found no significant differences between groups as regards the thickness of BM, the number of eosinophils in submucosa and in epithelium, and the percentage of BM covered by intact epithelium.
Bradykinin but not methacholine VAS/FEV1 slopes were negatively correlated with the number of eosinophils in the submucosa (P = 0.008 and P = 0.10, respectively), in the lamina propria (P = 0.04 and P = 0.16, respectively), and in the epithelium (P = 0.04 and P = 0.06, respectively) (Fig.  2) . Conversely, no correlation existed between bradykinin or methacholine VAS/FEV1 slopes and the number of lymphocytes in the lamina propria (P = 0.31 and P = 0.89, respectively) (Fig. 3) . There was a positive correlation between methacholine or bradykinin VAS/FEV1 slopes and the percentage of BM covered by intact epithelium (P = 0.01 and P = 0.007, respectively) (Fig. 4) . Methacholine and bradykinin VAS/ FEV1 slopes did not correlate with either BAL findings or with the thickness of the BM (each correlation, P > 0.05).
We have verified that including data of patients 3 and 15 would not affect these results.
Discussion
In summary, we found that, first, both methacholine and bradykinin induced a magnitude of breathlessness which was dependent on the dose of each agonist. Second, perception of breathlessness associated with acute bronchoconstriction was different for methacholine and bradykinin and was influenced by treatment with inhaled corticosteroids; for methacholine, the intensity of breathlessness was directly related to the magnitude of bronchoconstriction whatever the treatment group. In contrast for bradykinin, breathlessness was related to the magnitude of bronchoconstriction only in the group of asthmatic patients treated with inhaled flunisolide. Although a good individual correlation existed between VAS scores and bronchoconstriction in most patients, there was a wide interindividual variation in the breathlessness sensitivity associated to a given increase in bronchial obstruction (as reflected by VAS/FEV1 slopes). The breathlessness sensitivity associated with bradykinin-induced bronchoconstriction was reduced in patients without inhaled flunisolide compared with patients with flunisolide and compared with the breathlessness sensitivity associated with methacholine-induced bronchoconstriction. Third, breathlessness sensitivity to bradykinin-but not to methacholine-induced bronchoconstriction correlated negatively with the magnitude of eosinophilic inflammation in bronchial mucosa, i.e., the more important the eosinophilic inflammation in airway mucosa, the poorer the perception of bronchial obstruction induced by bradykinin. Finally, breathlessness sensitivity associated with bronchoconstriction induced by methacholine and by bradykinin correlated positively with the percentage of basement membrane covered by epithelium, i.e., the more important the shedding of the airway epithelium the poorer the perception of bronchoconstriction induced by either agonist.
Assessment of breathlessness associated with spontaneous or provoked bronchoconstriction by using VAS has been shown to be responsive and reproducible in asthmatic patients (29, 30) . The slope of the linear regression analysis between the changes in VAS score and changes in FEV1 values allows evaluation of the individual breathlessness sensitivity to variations of airway flow (3, 31) . In previous studies in asthmatic subjects, authors used the coefficient of correlation of this regression line to distinguish the "good perceivers" (defined as r values 2 0.71) from the "bad perceivers" (defined as r values < 0.71) of airway obstruction (4). However, our results show that although some subjects (patients 3, 4, 9, and 12 for methacholine challenges and patients 1, 7, 9, and 12 for bradykinin Methacholine challenges challenges) had high r values ranging from 0.9 to 1.0, their perception of breathlessness was poor as reflected by a low value of the VAS/FEV1 slopes (Table II) . Therefore, in our study we used the VAS/FEV1 slopes which reflect the magnitude of breathlessness per percent change in bronchial obstruction as an assessment of individual breathlessness sensitivity. Breathlessness associated with bronchoconstriction in asthmatic subjects originates in complex and not fully understood mechanisms. Increase in the resistive work of breathing is considered to play a role in causing breathlessness (32) Lung hyperinflation (36) and higher airway and/or intrathoracic pressures (37) resulting from an increased airway resistance are also believed to contribute to respiratory discomfort through the activation of mechanoreceptors localized in the lung and in airways (38, 39) . Contraction of airway smooth muscle could also stimulate directly airway mechanoreceptors (39) . Besides these mechanical stimuli, airway C fiber endings may be directly activated by some inflammatory mediators, such as bradykinin, histamine, 5-hydroxytryptamine, capsaicin, and prostaglandins (18, 20, 38, 39) . Although these receptors and the stimuli that activate them are known, their relative contribution to conscious sensation of breathlessness is not established (9) . In this study we found that airway inflammation and the integrity of the airway epithelium influence the perception of induced bronchoconstriction in asthmatic patients. It is interesting to note that individuals with the largest difference between agonists in the perception of bronchoconstriction (VAS/FEV1 slope) corresponded to those showing the greatest number of eosinophils infiltrating the airway mucosa (1, 333, 29 , and 28 eosinophils/ mm2 of LP in patients 1, 5, and 7, respectively) or a low percentage of BM covered by airway epithelium (21% in subject 8).
Our results strongly suggest that, besides the chest wall, the respiratory muscles, and the lung, the respiratory tract is likely to be a source of afferent information which participates in the perception of bronchoconstriction in these patients. One of our major findings is that breathlessness associated with acute bronchoconstriction was different for methacholine and for bradykinin. Although both agonists provoked a dosedependent bronchoconstriction, the intensity of breathlessness was related to the magnitude of agonist-induced bronchoconstriction except for bradykinin in patients not treated with inhaled corticosteroids. The breathlessness sensitivity (as reflected by VAS/FEV1 slopes) associated with bradykinin-induced bronchoconstriction was reduced in patients without inhaled flunisolide. Thus, the lack of significant relationship between VAS and the magnitude of bronchoconstriction in this group of patients was due to a poor perception of bradykinininduced bronchoconstriction.
Differences in perception of breathlessness for methacholine-and for bradykinin-induced bronchoconstriction cannot be explained by differences in the severity or duration of asthma, bronchial reactivity to methacholine or bradykinin, age, sex, or atopy status. Previous studies showed that asthmatic patients with a lowered baseline FEVI had a reduced perception of agonist-induced bronchoconstriction as compared with patients with normal function (1, 3) . In our study, such an hypothesis can be excluded since baseline FEV1 values did not differ between methacholine and bradykinin challenges and between groups. The maximal bronchial response was observed at a similar time period for methacholine and bradykinin (2 and 3 min, respectively), rendering unlikely that the difference between agonists might be explained by a difference in their rate of bronchoconstriction. Similarly, since we performed methacholine and bradykinin challenges at the same time of the day, influence of circadian variations on the perception of breathlessness during bronchoconstriction (4) can be ruled out. The intercepts of the regression lines (which reflect the threshold of perception of bronchoconstriction) and the maximal fall in FEV1 were similar between groups and between agonist challenges. Therefore, differences in the range of bronchoconstrictor stimulus from the threshold of perception of bronchoconstriction to the maximal bronchoconstrictor response cannot account for the differences in the VAS/FEV1 slopes. Thus, the reduced perception of bronchoconstriction induced by bradykinin in asthmatic subjects not treated by corticosteroids raises the following possibilities: (a) differences between methacholine and bradykinin in their site and/or mechanism of the bronchoconstrictor effect along the bronchial tree or in their mechanical effects on the respiratory system; and (b) an effect of bradykinin on breathlessness that is not related to its bronchoconstrictor action.
Bronchoconstriction involving large airways is believed to be more acutely perceived than that of peripheral airways (40) . Indirect arguments indicate that methacholine causes bronchoconstriction predominantly in the proximal airways (41, 42) whereas bradykinin may have a greater direct effect on peripheral airways (17, 19, 43, 44) . However, there are no studies in vivo showing the site of bronchoconstriction induced by methacholine and bradykinin in humans. We cannot exclude the possibility that for a similar degree of bronchoconstriction, methacholine and bradykinin may vary in their mechanical effects on the respiratory system (e.g., elastance, hyperinflation) which may in turn influence the perception of bronchoconstriction. Although reduced perception of bradykinin-induced bronchoconstriction might be explained by preferential effect of this agonist on small airways and/or by different effects of agonists ro-n Bradykinin challenges on pulmonary mechanics, it is not clear how such differences would account for the fact that perception of bradykinin-induced bronchoconstriction was impaired only in patients not treated with inhaled corticosteroids.
Though methacholine causes bronchoconstriction mainly through a direct action on the airway smooth muscle (45) , bradykinin has little constrictor effect on human airway smooth muscle in vitro (19, 44) . In asthmatic patients, bradykinininduced bronchoconstriction is mediated by both cholinergic and peptidergic reflexes ( 19, 46) involving the release of endogenous tachykinins (47) . Besides its weak action on airway smooth muscle, bradykinin induces vasodilatation (48), microvascular leakage (49) , and mucus secretion (50) . The relative contribution of spasmogenic and nonspasmogenic effects to bradykinin-induced bronchoconstriction in asthmatic subjects is unknown. It can be hypothesized that for bradykinin the nonspasmogenic effects contributing to bronchoconstriction are substantial and poorly perceived and that they are reduced by a corticosteroid treatment.
Eosinophils seem to play an important role in the reduced perception of bronchoconstriction produced by bradykinin in patients without flunisolide. The relationship between perception of bradykinin-induced bronchoconstriction and bronchial eosinophilic inflammation is demonstrated by our findings that breathlessness sensitivity associated with bradykinin-induced bronchoconstriction was negatively related to the number of eosinophils in airway mucosa. The links between reduced perception of bradykinin-induced bronchoconstriction and eosinophilic inflammation are not clear. Eosinophils contain several active substances, among which are eosinophil-derived neurotoxin (EDN) and eosinophil cationic protein (ECP), both of which are known to have neurotoxic effects in animals (51, 52) and in humans (53) . Thus, it may be hypothesized that afferent nerves that participate in the perception of bradykinin-induced bronchoconstriction may be impaired by neurotoxins released by activated eosinophils. Although breathlessness sensitivity associated with methacholine-induced bronchoconstriction was not significantly related to airway eosinophilic inflammation, we cannot exclude the possibility that such a relationship could be found with a greater number of subjects.
Our results suggest that the airway epithelium is involved in the sensitivity of breathlessness associated with bronchoconstriction, whatever the agonist used. The more important the shedding of bronchial epithelium, the poorer the perception of both bradykinin-and methacholine-induced bronchoconstriction. Poor perception of bronchoconstriction may result from intraepithelial nerve injury which is associated with the epithelial damage in asthma (54) . Loss of epithelial cells could also reduce the production of epithelial-derived mediators such as prostanoids that may be involved in the activation of airway sensory receptors (38, 39) . Previous studies gathered evidence that epithelial cell desquamation in asthma was the consequence of eosinophil infiltration through the release of their toxic substances (16, 55). Therefore, epithelial damage and perception of bronchoconstriction might both be the consequence of airway eosinophilic inflammation.
The beneficial action of inhaled corticosteroids on the perception of bradykinin-induced bronchoconstriction appears to be related to its effect on eosinophilic inflammation. Subjects treated with inhaled flunisolide had a lower eosinophilic infiltration of the airway lamina propria as compared with subjects without flunisolide treatment. Besides its action on eosinophilic inflammation, inhaled corticosteroid treatment was also demonstrated to increase the number of intraepithelial nerves and to improve the damage of the epithelium in asthmatic patients (54) . Restoration of airway intraepithelial nerves and epithelial structure by corticosteroids may lead to the better perception of bradykinin-induced bronchoconstriction. Elevated amounts of both kinin and tissue kallikrein are present in the BAL of asthmatic subjects in basal conditions (22) and their concentration increases after allergen challenge (56) . Thus, prolonged stimulation by endogenous kinins of airway afferent fibers which are involved in the perception of bradykinin-induced bronchoconstriction and/or repeated bronchoconstriction itself may result in a reduced awareness of the bronchial response to this agonist, a process known in sensorial physiology as temporal adaptation (57) . It can be hypothesized that corticosteroids, by reducing the airway inflammation, improve the perception of bronchoconstriction. Finally, we cannot exclude the hypothesis that inhaled corticosteroids may affect perception of bronchoconstriction at the level of the central nervous system. Elevated amounts of both kinins and tissue kallikrein are present in BAL in asthmatic subjects in basal conditions, and their concentration increases after allergen challenge (22, 56) . The doses of inhaled kinins that provoke bronchoconstriction were shown to be of the same magnitude as the concentration of kinin-like activity measured in BAL from subjects with asthma (26) . These results suggest that kinins released into the airways as a component of inflammation may be involved in spontaneous bronchoconstriction in these patients. Poor perception of bronchial obstruction induced by bradykinin in asthmatic subjects not treated by inhaled corticosteroids suggests that these patients may underestimate bronchoconstriction in conditions when endogenous mediators, such as kinins, are involved. Our results are to be put together with the observation that, for a similar decrease in airway flow, the perception of late asthmatic responses (which involves inflammatory processes) is lower than that of the early response (10, 11 ). The fact that inhaled corticosteroids rendered the patients capable of perceiving bronchial obstruction in a similar manner when bronchoconstriction was provoked by a direct stimulation on smooth muscle or by a proinflammatory mediator is of clinical interest, since poor perception of bronchoconstriction has been implicated in poor control of asthma.
